Ubiquitin is a small (76 amino acids), abundant protein present in all eucaryotic cells (9; for review, see Vierstra [28] ). Its amino acid sequence is one of the most conserved yet identified, being invariant in all animal species examined including humans, amphibians, insects, fish, and birds and differing by only three residues in yeast and higher plants (30 and references therein). Ubiquitin has at least three proposed functions that all stem from a novel posttranslational modification in which ubiquitin is enzymatically conjugated to other cellular proteins (6, 13). Conjugation requires ATP and occurs via an unusual peptide linkage between the terminal glycine carboxyl group on ubiquitin and a-and e-groups on the various target proteins. In reticulocytes, the multienzyme system required for ubiquitin ligation has been identified and characterized (15).
N-ethylmaleimide and high concentrations of 2-mercaptoethanol suggesting that the mechanism of ubiquitin ligation in plants involves a similar thiolester intermediate to that found in the mammalian pathway.
The conjugating activity in etiolated oat extracts is extremely labile with a half-life of about 20 ninutes at 30°C. Detectable but low ATPstimulated, conjugating activities were also observed in extracts from dry seeds and green leaves of oats. In addition to this conjapting activity, crude plant extracts have the capacity to degrade ubiquitin-protein conjugates formed in vitro. These results demonstrate that higher plants contain several of the enzymic activities necessary for ubiquitin's functions and provide a method for assaying ubiquitin conjuption in vitro.
Ubiquitin is a small (76 amino acids), abundant protein present in all eucaryotic cells (9; for review, see Vierstra [28] ). Its amino acid sequence is one of the most conserved yet identified, being invariant in all animal species examined including humans, amphibians, insects, fish, and birds and differing by only three residues in yeast and higher plants (30 and references therein). Ubiquitin has at least three proposed functions that all stem from a novel posttranslational modification in which ubiquitin is enzymatically conjugated to other cellular proteins (6, 13) . Conjugation requires ATP and occurs via an unusual peptide linkage between the terminal glycine carboxyl group on ubiquitin and a-and e-groups on the various target proteins. In reticulocytes, the multienzyme system required for ubiquitin ligation has been identified and characterized (15) .
In the cytoplasm, formation of ubiquitin conjugates appears to serve as a committed step for energy-dependent degradation of many intracellular proteins including those with short halflives and/or structural abnormalities (6, 13 (14, 16, 17) ; (b) the demonstration that a temperature-sensitive mutant derived from a mouse carcinoma cell line is unable to degrade short-lived proteins at nonpermissive temperatures as a direct consequence of a thermolability in one of the enzymes requires for ubiquitin conjugation (3, 5) ; and (c) identification of proteolytic activities that specifically degrade ubiquitinated proteins (18) .
In the nucleus, a role of ubiquitin in altering gene expression through selective modification of specific histones also appears evident. This role was first suggested from observations that the most abundant ubiquitin adducts in mammalian cells are modified forms oftwo specific histones, H2A and H2B (7) . Variations in the steady state levels of these ubiquitinated histones as a function of cell cycle (22, 23) and transcriptional activity (8) and their selective occurrence within actively transcribed regions of chromatin (20) implicate this conjugation as a way to modify nucleosome structure and as a result facilitate gene expression.
A third possible role for ubiquitin conjugation has come from recent observations that the membrane-bound homing receptor on lymphocytes is actually a ubiquitin conjugate (27) . Competition experiments with monoclonal antibodies to ubiquitin implicate the ubiquitin moiety as being directly involved in the surface recognition of this receptor. As a result, ubiquitin modification of plasma membrane-bound proteins also may be involved in cell-cell interactions.
Recently, we have begun to investigate the physiological roles of ubiquitin in higher plants. Initial characterizations demonstrated that ubiquitin isolated from oats (Avena sativa) is remarkably homologous to the animal form (29, 30 ['25I1 ubiquitin to endogenous or exogenous proteins. Upon addition of ATP and an ATP-regenerating system (creatine phosphate and phosphocreatine kinase) or an ATP-depleting system (deoxyglucose and hexokinase) as described previously (24) , we have detected a similar conjugating activity in crude extracts from etiolated seedlings ofthe higher plant, oats. This activity catalysed the energy-dependent ligation of '25I-human ubiquitin to a variety ofendogenous oat proteins (Fig. 1). (The '251-labeled contaminant above free ubiquitin present in all gel lanes [Figs. 1, 4 ] represents a modidied form of ubiquitin commonly found in purified preparations of human ubiquitin). Similar to that observed in reticulocytes, many conjugates formed in this manner had molecular masses exceeding 100 kDa indicating that they represent multiply conjugated proteins. The stability of these conjugates to prolonged boiling (5 min) in SDS and 2-mercaptoethanol indicated that the linkage was covalent. The conjugating activity has a soluble distribution based on the observation that all the activity of the crude extract remained in the supernatant after centrifugation at 50,000g. Comparable results were also observed when '25I-oat ubiquitin was used as the substrate (R. D. Vierstra, unpublished data). However, because our oat ubiquitin preparations contained several minor contaminants (not observable after Coomassie staining) that were effectively labeled with 1251I, human ubiquitin was used for further studies.
Characterization ofthe Ubiquitin Conjugation System. Because the addition of ATP and an ATP-generating system increased the amount of ubiquitin in conjugates 4-to 8-fold relative to the amount obtained with the ATP-depleting system (Fig. 1) , we concluded that conjugation is an energy-requiring process. Comparison of various nucleotides indicated that the reaction is more specific for Mg2+ATP (Table I) at 30°C (0) or at 4°C (0). After the incubation, '25I-human ubiquitin was added along with either; ATP and an ATP-regenerating system (creatine phosphate, and phosphocreatine kinase) or an ATP-depleting system (deoxyglucose and hexokinase) and the reaction mixture incubated an additional 30 min at 30°C. Reactions were terminated by boiling in an equal aliquot of SDS-PAGE sample buffer. The amount offree ubiquitin converted to the conjugated form was then determined as described in "Materials and Methods." Percent conjugating activity remaining represents the activity which is stimulated by ATP for each time of preincubation as a percentage of that obtained without preincubation.
Maximal steady state levels of conjugates was achieved within 30 min after ubiquitin addition at 30C (Fig. 2) and 2 h at 21C. Reaction temperatures above 30C were inhibitory and resulted in less conjugate formation (40% less at 37C as compared to 30C). The steady state level of conjugates was enhanced substantially by the addition of the protease-inhibitor, leupeptin (Fig. 2) . This inhibitor may serve to protect ubiquitin from rapid inactivation (t,, about 10 min at 27C) by a thiol protease(s) previously demonstrated to be present in etiolated oat extracts (28) . However, even in the presence of leupeptin, only 4 to 5% of the ubiquitin could be trapped in conjugates after a 30 min incubation at 30C. Reducing the concentration of added ubiquitin did not alter the percentage of ubiquitin in conjugates, indicating that the low level of incorporation was not the result of saturating levels of ubiquitin or limiting amounts of suitable endogenous substrate proteins for ubiquitination. Under similar conditions, reticulocyte lysates were able to incorporate 60 to 80% of the exogenous ubiquitin into conjugates (1; R. D. Vierstra, unpublished data).
One potential reason for the low level of conjugation found with etiolated oat extracts is that the conjugating activity is extremely labile. Preincubation of the crude extract prior to ubiquitin and ATP addition resulted in a rapid, first order decline in the extract's ability to perform ATP-dependent conjugation (Fig. 3) Table I. 3H-labeled polypeptides were subjected to proteolysis (Fig. 3) . In each case, after the 6 h incubation, the radioactivity rose in the light mol wt zones, probably because of the hydrolyzed proteins as previously shown (5). So, the vacuolar protein breakdown appeared nonspecific, in accordance with the broad specificity described for vacuolar proteases (4) . The incorporation of an amino acid analog such as p-fluorophenylalanine is described to alter protein structure and function (14, 21) . Taken together the results presented here demonstrate that such proteins: (a) can be recognized by the cells as abnormal proteins, very probably at the cytoplasmic level; (b) are directed preferentially toward the vacuole; and (c) are degraded inside the vacuole at the same rate as normal proteins by a non-specific proteolytic system. Thus we can conclude that abnormal proteins, newly synthesized in Acer cells, are degraded in the vacuoles more rapidly than the normal ones, because of a more rapid transfer from the cytoplasm to the vacuole. In animal (7, 9, 16, 20) and yeast (13) cells, abnormal proteins have also been described to be more rapidly degraded than the normal proteins. While in animal cells the abnormal protein breakdown is due to cytosolic processes (7, 9, 16) , in Acer, as in yeast (13) , it is essentially a vacuolar process. LITERATURE CITED homologous to that found in reticulocytes which cleaves only the isopeptide bond and regenerates free ubiquitin (12) . The fact that high ATP concentrations are not required for conjugates breakdown would suggest that an ATP-dependent protease is not primarily involved. Fifth, since human ubiquitin is not identical to the oat form, the subtle structural differences in the human protein could alter the kinetic efficiency of the plant conjugating enzymes. Sixth, plants may actually contain much lower conjugating activities. If the conjugating system in higher plants is restricted mainly to the cytoplasm, then this low activity could be partially explained by the proportionately low volume of this cell compartment (20-30%) relative to the total cell volume of an etiolated plant cell. The many ways conjugation can be affected by components in crude plant extracts underscores the complexity of the system and problems associated with its future dissection.
The relevance of ubiquitin conjugation to the physiology and development of higher plants is as yet unresolved. The striking homology of plant ubiquitin (29) (30) (31) and related conjugation reactions (this report) to that characterized in mammalian cells and their ubiquitous presence in all plant species examined makes it highly likely that this modification serves similar functions in plants as it does in animals. Based on the number of diverse conjugates formed both in vitro (this report) and in vivo (29) , it is reasonable to assume that ligation is not restricted only to a few specific plant proteins. With regard to ubiquitin's functions, we have recently discovered that the photomorphogenic photoreceptor, phytochrome, is rapidly ubiquitinated in vivo after phototransformation to the far-red light absorbing form (26) . Since phytochrome is rapidly degraded after this photoconversion,it suggests that this plant protein is degraded via ubiquitinated intermediate(s).
